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The selective excitation of coherent phonons provides unique capabilities to control fundamental
properties of quantum materials on ultrafast time scales. For instance, in the presence of strong
electron-phonon coupling, the electronic band structure can become substantially modulated. Re-
cently, it was predicted that by this means even topologically protected states of matter can be ma-
nipulated and, ultimately, be destroyed: For the layered transition metal dichalcogenide Td-WTe2,
pairs of Weyl points are expected to annihilate as an interlayer shear mode drives the crystalline
structure towards a centrosymmetric phase. By monitoring the changes in the electronic structure
of Td-WTe2 with femtosecond resolution, we provide here direct experimental evidence that the
coherent excitation of the shear mode acts on the electronic states near the Weyl points. Band
structure data in comparison with our results imply, furthermore, the periodic reduction in the spin
splitting of bands near the Fermi energy, a distinct electronic signature of the non-centrosymmetric
Td ground state of WTe2. The comparison with higher-frequency coherent phonon modes finally
proves the shear mode-selectivity of the observed changes in the electronic structure. Our real-time
observations reveal direct experimental insights into electronic processes that are of vital importance
for a coherent phonon-induced topological phase transition in Td-WTe2.
INTRODUCTION
With their first experimental observation in 2015,
topological Weyl semimetals (WSMs) have attracted
enormous attention [1–4]. In these materials, long
sought-after Weyl fermions are realized as quasi-particle
excitations in condensed matter [5–7]. WSMs feature an
unusual electronic structure with topologically protected
crossing points in the bulk band structure, the so-called
Weyl points. In the particular case of type-II WSMs,
the Weyl points are located at touching points of elec-
tron and hole pockets close to the Fermi level EF [8–
10]. The transition metal dichalcogenide Td -WTe2 was
the first material proposed to support such a scenario
and band structure calculations using low-temperature
lattice parameters predicted the existence of four pairs
of Weyl points in the ΓXY plane of the Brillouin zone
[see Fig. 1(b)] [8]. Even though angle-resolved photomis-
sion spectroscopy (ARPES) studies did not succeed in
observing Weyl points in this material so far [11–17], the
observation of Weyl orbit related quantum oscillations
and an anisotropic magnetoresistance [18], the detection
of Weyl points via scanning tunneling spectroscopy [19],
and the observation of an anisotropic Adler-Bell-Jackiw
anomaly [20] give strong experimental evidence that Td -
WTe2 is indeed a type-II WSM.
∗ hein@physik.uni-kiel.de
The lack of an inversion center of the crystal structure
is the prerequisite for a WSM phase in non-magnetic ma-
terials [8]. Recently, an ultrafast and reversible way of
manipulating the structural symmetry of Td -WTe2 was
demonstrated in a combined ultrafast electron diffrac-
tion (UED) and time-resolved second-harmonic genera-
tion (TRSHG) study [22]. Upon excitation with tera-
hertz pump pulses, a coherent 0.24 THz interlayer shear
excitation was observed that, at sufficiently high excita-
tion densities, drives a structural phase transition from
the non-centrosymmetric Td ground state of the material
[see Fig. 1(a)] into a meta-stable centrosymmetric 1T′(∗)
phase [22]. Band structure calculations imply the peri-
odic modulation of the Weyl point intra-pair separation
upon excitation of the shear mode. Even more, the com-
plete annihilation of the Weyl points is expected as the
material undergoes the transition into the 1T′(∗) phase.
However, experimental data on how the shear mode af-
fects the band structure of Td -WTe2 is still lacking.
Here, we present a time-resolved ARPES (TRARPES)
study on the electronic structure response of Td -WTe2
to the excitation of coherent phonons. Upon absorp-
tion of 827 nm femtosecond laser pulses, we observe in
the TRARPES data clear oscillations in photoemission
(PE) intensity, band positions, and band widths. The
comparison with Raman spectroscopy [23–25] and opti-
cal pump-probe spectroscopy results [26, 27] allows as-
signing these oscillations to the excitation of five differ-
ent A1 optical phonon modes, with one of them being
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FIG. 1. Crystal and electronic structure of Td-WTe2. (a)
Orthorhombic unit cell with experimental lattice constants
at T = 113 K [21]. (b) 3D Brillouin zone and its projection
onto the (001) surface. Blue and red dots mark the approx-
imate positions of the Weyl points as predicted in Ref. [8].
The gray line crossing Γ and W indicates the momentum cut
investigated in the present TRARPES study. (c) ARPES in-
tensity maps in Γ-W direction before (∆t = −1 ps) and after
(∆t = 120 fs) excitation with 827 nm pump pulses.
the interlayer shear mode mentioned above. An energy-
and momentum-resolved Fourier transformation of the
TRARPES data enables us to perform a phonon mode-
selective analysis of the electronic structure response. We
observe that the excitation of the interlayer shear mode
periodically modulates occupied bands that are spin split
due to the broken inversion symmetry of the crystal in-
cluding a hole pocket that is directly involved in the
formation of the Weyl points at low temperatures [28].
Even more, we observe that also the PE signal from the
energy-momentum region of the Weyl points shows clear
oscillations at the shear mode frequency. Although the
presented experiments were performed at room temper-
ature, for which theory excludes the presence of Weyl
points [11], our results give direct experimental support
for a coherent phonon mediated control of the electronic
structure relevant for the Weyl physics in Td -WTe2.
RESULTS
Figure 1(c) shows TRARPES data of Td -WTe2
recorded before the optical excitation (∆t = −1 ps) in
comparison with data recorded at a pump-probe delay
of ∆t = 120 fs. Overall, the spectra are consistent with
ARPES and TRARPES data recorded at a similar probe
photon energy of hν ≈ 6 eV [11, 15, 29]. In agreement
with previous TRARPES studies, we observe the tran-
sient population of an electron pocket above EF in re-
sponse to the near-infrared (NIR) excitation [29–31]. A
difference intensity map of the two ARPES spectra [see
Fig. 2(a)] emphasizes the presence of spectral changes
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FIG. 2. TRARPES results of Td-WTe2 along the Γ-W di-
rection. (a) ARPES difference intensity map derived from
the TRARPES data at ∆t = 120 fs and ∆t = −1 ps shown
in Fig. 1(c). (b) Transient difference EDCs derived from the
ARPES difference intensity map by momentum integration of
the gray-shaded area in (a). (c)-(d) PE intensity transients of
the integration region marked by the black box in (a) before
(red) and after (blue) background subtraction (Supplemen-
tary Note 3). Blue curves are offset and scaled by a factor of
2 for clarity. (e) Fourier amplitude spectrum of the intensity
transient shown in (d). Note the different scaling of the data.
also below EF. Part of the observed transient reduction
of spectral weight (blue areas) results from the depopu-
lation of the occupied bands due to the absorption pro-
cess. However, the observation of an increase in spectral
weight in some regions below EF (red areas) hints also to
the presence of transient band renormalization processes.
Figure 2(b) shows transient difference energy distribu-
tion curves (EDCs) around the Γ point as a function
of ∆t. Above EF, the data clearly reveals the pres-
ence of an excited carrier population that decays on a
timescale of several picoseconds. Furthermore, part of
the transient spectral changes are periodically modu-
lated indicative for the excitation of at least two coher-
ent phonon modes exhibiting oscillation periods in the
few 100 fs and few ps range, respectively. Significant
long-lived spectral changes survive the damping of the
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FIG. 3. Phonon mode-selective Fourier amplitude analysis of
the TRARPES data. (a) ARPES intensity map at ∆t = 120 fs
in comparison to Fourier maps of different phonon frequen-
cies. Fourier maps were generated from ARPES intensity
maps that were binned over regions of 23 meV × 0.01 A˚−1 in
order to improve the signal statistics. Arrows indicate energy-
momentum regions that are discussed in more detail in the
main text. The cross marks the position of ROI E. Fourier
maps of the 4.00 THz mode and the 6.35 THz mode are shown
in Supplementary Fig. S.5. (b) Transient peak energy Eband
and peak width ∆E (FWHM) of the ARPES signal marked
by the black arrow in (a). The data result from Gaussian fits
of the transient EDCs at Γ. PE intensity was integrated over
a momentum window of 0.05 A˚−1. (c) Fourier amplitude spec-
tra of the transients shown in (b). The peaks below 0.23 THz
can not be assigned to any phonon modes in Td-WTe2. Their
origin is discussed in Supplementary Note 2.
coherent phonon modes and show barely any changes
even at delays of 400 ps (Supplementary Note 1). Our
observations qualitatively resemble the findings of pre-
vious time-resolved studies of Td -WTe2: Electronic ex-
citation and relaxation processes were studied in detail
using TRARPES [29–31] and time-resolved reflectivity
(TRR) measurements [26]. The excitation of coherent
phonons was observed in TRR [26, 27] and TRSHG ex-
periments [22] as well as via UED [22], but, notably, in
none of the past TRARPES studies [29–31]. Also the
observed long-lived spectral changes are compatible with
the findings of different other studies [22, 26]. In the
following, we will exclusively focus on the analysis of the
coherent phonon oscillations and their impact on the elec-
tronic structure of Td -WTe2.
Figures 2(c) and 2(d) show PE intensity transients
around Γ and E − EF = −0.25 eV. The data were
taken with different sampling rates (60 THz and 15 THz)
and cover different delay ranges (3 ps and 20 ps) to sep-
arately illustrate both the high- and low-frequency con-
tributions to the PE intensity modulations (Supplemen-
tary Note 2). Raw data (red lines) were fitted with an
exponential model function (Supplementary Note 3) to
account for the carrier population dynamics (black lines)
and to extract the pure oscillatory part of the signals
(blue lines). The beating of the 3 ps range data clearly
reveals the presence of more than one high-frequency
mode. Additionally, a well-separated low-frequency mod-
ulation can be identified in the 20 ps range data. Fig-
ure 2(e) shows a Fourier amplitude spectrum of the 20 ps
range intensity transient. Overall, we find main peaks at
0.23 THz, 2.41 THz, 3.57 THz, 4.00 THz, and 6.35 THz
indicative for the excitation of at least five different co-
herent phonon modes. A comparison with results of Ra-
man studies of WTe2 and MoTe2 allows assigning all fre-
quencies to A1 optical phonon modes [23–25, 32] that be-
long to the group of m-modes with the atoms vibrating
in the bc-mirror plane of the unit cell [32]. Of partic-
ular relevance is the assignment of the 0.23 THz mode,
which is responsible for the distinct long-periodic spectral
modulations visible in Fig. 2(b) and 2(d): In agreement
with UED, TRSHG and TRR results [22, 26, 27], and
predictions from Raman studies [23–25, 32], we assign
this frequency to the low-energy optical phonon inter-
layer shear mode along the b axis [see Fig. 4(b)]. The
excitation of this mode periodically drives WTe2 from its
non-centrosymmetric Td structure towards a centrosym-
metric 1T′(∗) structure. It is therefore expected to pe-
riodically modulate the spin splitting of bands [28] as
well as the Weyl point intra-pair separation in this ma-
terial [22].
Figure 3(a) shows the results of an energy- and
momentum-resolved Fourier analysis of the TRARPES
data (Supplementary Note 4) illustrating the phonon
mode-selectivity of the electronic structure response.
The figure separately displays energy-momentum maps
of the Fourier amplitudes of the 0.23 THz, 2.41 THz, and
3.57 THz coherent phonon excitations in comparison to
the ARPES intensity map at ∆t = 120 fs. The data
clearly illustrates the band-selectivity of the phonon ex-
citations, as seen for instance for the band marked by the
red arrow. A more detailed analysis shows, furthermore,
that even in the case that the same band is affected by
several modes, its response can be quite different. This
is illustrated by band energy (Eband) and band width
(∆E) transients [Fig. 3(b)] and their Fourier amplitude
4spectra [Fig. 3(c)] for the feature in the TRARPES map
centered at Γ at an energy E − EF ≈ −0.3 eV marked
by the black arrow. The excitation of the four high-
frequency modes results in small but clearly detectable
shifts in Eband, which becomes particularly evident in the
Fourier amplitude spectrum of the band energy transient.
For the excitation of the 0.23 THz interlayer shear mode,
such a band shift, if present at all, stays below the detec-
tion limit. In contrast, a finite and - also in comparison
to the other modes now significant contribution of the
shear mode to the broadening of the band is evident from
the ∆E transient as well as from the 0.23 THz peak in the
corresponding Fourier amplitude spectrum. It is finally
noteworthy that the Fourier analysis of the TRARPES
data not only shows a finite signal amplitude below EF
but also at energies above EF up to E − EF ≈ 0.3 eV
(see blue arrow). This sensitivity partly results from the
laser excitation, which transiently heats up the electron
gas so that states above EF are substantially populated
even on timescales of several 10 ps.
In comparison to the ARPES intensity maps, the
Fourier maps exhibit additional fine structures showing
spectral details even below the 40 meV energy resolu-
tion of the experiment. The fine structure is particularly
striking in the 2.41 THz Fourier map. A comparison with
experimental data of a low temperature, high-resolution
ARPES study [11] shows that the fine structure resem-
bles in large part the band structure of Td -WTe2. We
account non-linearities in the dynamical signal response
to the coherent phonon excitation being responsible for
this resolution enhancement. More details are given in
Supplementary Note 5.
Apart from the mode-selective amplitude analysis,
we also performed a mode-selective phase analysis of
the transient peak energies (Supplementary Note 6).
The four high-frequency oscillations all show a cosinu-
soidal behavior with respect to time zero of the exper-
iment implying a displacive excitation of the coherent
phonons [33]. For the 0.23 THz mode, we observe, in
contrast, a sinusoidal modulation of the peak energies,
in agreement with UED and TRSHG results using THz
and NIR excitation pulses, respectively [22]. Typically,
such a response is associated with an impulsive Raman
stimulated excitation mechanism [34]. It should be added
that for the excitation of the interlayer shear mode in Td -
WTe2 using THz pulses a field driven photo-doping pro-
cess was alternatively suggested to explain the observed
sinusoidal response [22].
In the further discussion, we will focus on the excita-
tion of the 0.23 THz interlayer shear mode periodically
modulating the WTe2 crystalline Td structure towards a
centrosymmetric 1T′(∗) structure [22]. Based on values
given in Ref. [22] and under consideration of a TRR study
at 800 nm excitation [27], we estimate the shear displace-
ment amplitude at the excitation fluence applied in our
experiment to be in the order of 1 pm (Supplementary
Note 7).
Figure 4(c) shows close-ups of the ARPES intensity
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FIG. 4. Response of the electronic structure of Td-WTe2
to the excitation of the 0.23 THz interlayer shear mode. (a)
Calculated bulk band structure along the Γ-X direction. (b)
Schematic illustration of the atomic motion upon excitation of
the interlayer shear mode [32]. (c) Close-ups of the ARPES
intensity map near EF at ∆t = 120 fs (left) and the corre-
sponding 0.23 THz Fourier map (right). The data is overlaid
with experimental band dispersions from Ref. [11]. Surface
bands were omitted for the sake of clarity. Crosses mark po-
sitions of the ROI A-D and A′. The Fourier map was gen-
erated from ARPES intensity maps that were binned over
regions of 23 meV × 0.01 A˚−1. (d) PE intensity transients of
ROI A-E. The transients of ROI A-C (top graph) can barely
be discerned and are all displayed in red. The size of the inte-
gration area used to generate the transients is indicated by the
gray shaded box in the ARPES data shown in (c). (e) Peak
shift analysis of ROI A′, C, and reference region E marked
in Fig. 3(a). All transients in (d) and (e) are background-
corrected (Supplementary Note 3). The black lines in the top
graphs of (d) and (e) are fits of a damped sinusoidal function.
5map at ∆t = 120 fs and the 0.23 THz Fourier map of
Fig. 3(a). The data is overlaid with the bulk band struc-
ture of Td -WTe2 along the Γ-X direction experimen-
tally determined in a high-resolution ARPES study at
hν = 6.01 eV [11]. The color coding was chosen to dis-
criminate between an electron pocket (blue), two hole
pockets (green), and further bulk bands (gray). Calcu-
lated band structure data along Γ-X is shown for com-
parison in Fig. 4(a). Due to thermal broadening and
the limited energy resolution of our experiment in com-
bination with strong variations in the spectral weight
among the different bands [11], it is difficult to discern
the individual bands in the ARPES intensity map. How-
ever, even though broadened, the dispersing amplitude
maxima in the Fourier map match part of the experi-
mental band structure data strikingly well. The main
amplitude maximum at k‖ ≈ 0.2 A˚−1 shows a branch-
ing [see also Fig. 3(a)] that follows the dispersion of the
lower hole pocket and the two gray colored lower bulk
bands, respectively. The data also reproduces the dis-
persion of the upper hole pocket up to energies close to
EF with a distinct amplitude maximum in the plateau
region at k‖ ≈ 0.3 A˚−1. Above EF, we observe two weak
but distinct local amplitude maxima at k‖ ≈ 0.22 A˚−1
and k‖ ≈ 0.34 A˚−1 with the former one being approx-
imately located at the surface projection of the Weyl
points marked by the blue cross in Fig. 4(c) [8, 19].
Within the energy momentum region probed in our
experiments, different ARPES studies reported also on
the observation of surface states [11–13, 15]. Owing to
the limited energy resolution and the fact that our ex-
periments were performed at room temperature, no dis-
tinct signatures of these surface states could be observed
in our ARPES intensity maps. A comparison with the
experimental surface state data of Ref. [11] showed, fur-
thermore, that also the 0.23 THz Fourier map yields no
clear indication for a response of the surface states to
the excitation of the shear mode. In Fig. 4(c) we there-
fore omitted the inclusion of the surface bands for the
sake of clarity. A comparison including surface bands is,
however, provided in Supplementary Note 8.
For the further analysis, we selected four regions of in-
terest (ROI) in the Fourier maps at positions indicated
by the crosses in Fig. 4(c). ROI A, B, and C are located
at Fourier amplitude maxima. ROI B and C are further-
more intersected by the lower and upper hole pocket,
respectively, whereas ROI A is positioned in between the
two lowest bulk bands. ROI D is centered on the surface
projection of the Weyl points above EF. For reference,
we selected an additional ROI E [see Fig. 3(a)] at a local
intensity maximum in the ARPES intensity maps that,
however, shows a negligible amplitude in the 0.23 THz
Fourier map. Where possible, we evaluated for the dif-
ferent ROI the transient evolution of the PE intensity,
peak energy, and peak width in response to the excita-
tion of the interlayer shear mode. For all ROI, we chose
a signal integration area of 50 meV × 0.025 A˚−1.
Results of the PE intensity analysis are summarized in
Fig. 4(d). For ROI A, B, and C, we observe clear pe-
riodic modulations at the frequency of the shear mode.
Relative amplitude and phase of the PE intensity tran-
sients of the ROI match each other extremely well [see
top graph of Fig. 4(d)] and can be described by a damped
pi-shifted sinusoidal function with a relative amplitude in
the order of 1 % (see full black line). Also the PE inten-
sity of ROI D, which probes the Weyl point region, shows
clear oscillations at 0.23 THz in spite of some signal dis-
tortions at ∆t ≈ 7.5 ps resulting from limitations of the
signal background subtraction (Supplementary Note 3).
Notably, the oscillatory response of ROI D shows a pi-
phase shift with respect to ROI A, B, and C as indicated
by the black dashed line and also with respect to the
second amplitude maximum above EF at k‖ ≈ 0.34 A˚−1
(Supplementary Note 9). Contrary to ROI A-D, the tran-
sient PE intensity signal of ROI E exhibits no evidence
for a response to the shear mode as expected from the
vanishing signal in the Fourier map.
A peak shift analysis is only possible for ROI that are
located at signal maxima in the ARPES intensity maps.
This only applies to ROI C and E. To account for poten-
tial spectral shifts affecting ROI A, we selected a nearby
PE intensity maximum (ROI A′) separated by ≈ 40 meV
and intersected by the center bulk band. Distinct PE
intensity maxima that could be associated with ROI B
and D could not be identified. Results of the peak shift
analysis are shown in Fig. 4(e). A distinct shift in the
peak energy at the shear mode frequency is only observed
for ROI A′. The oscillation follows a damped sinusoidal
function with an amplitude of approximately 1 meV. The
data reveals no detectable peak shift at the shear mode
frequency for ROI C and E. The analysis of the peak
widths for ROI A′, C, and E did not yield any resolvable
changes at the shear mode frequency. However, a de-
tailed Fourier analysis of ROI C shows indirect evidence
for subtle changes in the peak width as will be discussed
below.
DISCUSSION
Ref. [28] reports on the evolution of the band struc-
ture of WTe2 as the crystalline structure undergoes a
complete transition from the Td phase to the centrosym-
metric 1T′ phase upon external charge doping. The cal-
culations show that the changes in the band structure
predominantly result from changes in the interlayer in-
teraction that is in an analog manner periodically mod-
ulated upon excitation of the 0.23 THz interlayer shear
mode following the photoexcitation with ultrashort NIR
pulses. More specifically, such a transition is expected
to reduce and finally annihilate the spin splitting of the
different bands near EF as the inversion symmetry of the
crystalline structure is recovered. These findings imply
that the oscillatory part of the PE intensity transients
from the two hole pockets (ROI B and C) results from a
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FIG. 5. Fourier amplitude modulation near ROI C. (a) Close-
up of the 0.23 THz Fourier map near ROI C. The data is
overlaid with experimental band dispersions from Ref. [11].
For better visibility of the Fourier amplitude modulation
near ROI C, the spin split upper hole bands are kept semi-
transparent in this region. The energy-momentum cut dis-
played in (b) is indicated. The Fourier map was generated
from ARPES intensity maps that were binned over regions
of 6 meV × 0.0025 A˚−1. (b) Fourier amplitude as a function
of binding energy extracted from the Fourier map along the
energy-momentum cut indicated in (a). The separation of
the amplitude maxima near ROI C is indicated. (c) Color-
coded plot of experimental EDCs along the evaluated energy-
momentum cut near ROI C as a function of ∆t. The dashed
lines mark the binding energies of the two Fourier amplitude
maxima indicated in (b). The top graph displays for compari-
son the PE intensity transient of ROI C. (d)-(f) Fourier ampli-
tude and Fourier phase as a function of binding energy result-
ing from the simulations of (d) scenario (i), (e) scenario (ii),
and (f) scenario (iii). The pictograms in the graphs schemat-
ically illustrate the considered scenarios. Details are given in
the text and in Supplementary Note 10. The separation of
the Fourier amplitude maxima for scenario (ii) is indicated.
periodic modulation of the spin splitting due to the shear
mode excitation. Notably, for the upper hole pocket the
Fourier amplitude is indeed maximum in the region at
which the experimental band structure data implies the
largest spin splitting and also for the lower hole pocket,
band structure calculations predict a considerable spin
splitting [see Fig. 4(a)].
A more detailed inspection of the Fourier amplitude
signal near ROI C further confirms that the shear mode
excitation modulates the spin splitting. Figure 5(a)
shows the 0.23 THz Fourier map near ROI C. In com-
parison to Figs. 3(a) and 4(c), the original ARPES data
were in this case binned over smaller energy-momentum
regions for further data processing so that some more de-
tails become visible at the cost of signal statistics. The
pronounced maximum in the Fourier map at ROI C ap-
pears now split by a weak but distinct amplitude mini-
mum that follows the experimental band structure data
from Ref. [11] strikingly well. A constant momentum cut
across the Fourier amplitude maximum [Fig. 5(b)] con-
firms this splitting and yields a separation of the result-
ing two Fourier amplitude maxima by ≈ 35 meV. To gain
insight into the origin of this Fourier amplitude modula-
tion, we performed simulations mimicking the following
three potential scenarios: (i) a rigid shift of the spin-split
bands accompanying an overall PE intensity oscillation,
(ii) a modulation of the spin splitting that is in phase
with a PE intensity oscillation, i.e., a decrease (increase)
of the spin splitting is accompanied by a decrease (in-
crease) of the PE intensity, and (iii) a modulation of the
spin splitting that is out of phase with a PE intensity os-
cillation. Details on the simulations, including the choice
of parameters, are described in Supplementary Note 10.
Figures 5(d)-(f) show the resulting Fourier amplitudes
and phases as a function of energy for the three scenar-
ios. Whereas the amplitude modulation calculated for
scenario (iii) clearly deviates from the experimental re-
sults, a reasonable match is observed for scenario (i) and
scenario (ii). However, inspection of the phase behavior
shows that only scenario (ii) can consistently reproduce
the experimental data: Figure 5(c) depicts a color-coded
plot of experimental EDCs along the evaluated energy-
momentum cut near ROI C as a function of ∆t. The
data reveal an in-phase response of the PE signal inde-
pendent of binding energy across the two Fourier ampli-
tude maxima (see dashed lines), in agreement with the
constant phase expected for scenario (ii) and contrary to
the pi-phase shift right at the Fourier amplitude minimum
expected for scenario (i). Notably, the simulation repro-
duces the experimental amplitude modulation as well as
the separation of the two amplitude maxima also quanti-
tatively strikingly well and implies that in our experiment
the spin splitting is periodically modulated by the exci-
tation of the shear mode at an amplitude in the order of
1 meV (see Supplemental Note 10). It is finally interest-
ing to also consider the initial phase of the oscillation in
the spin splitting. The excitation of the shear mode re-
sults in an initial reduction of the PE intensity in ROI C
[see Fig. 4(d)]. For the case of scenario (ii), this implies
an initial reduction of the spin splitting, i.e., an initial
shear motion towards the centrosymmetric 1T′(∗) struc-
ture, in perfect agreement with the observations reported
in Ref. [22].
Changes in the spin splitting should also affect the re-
sponse in the Weyl point area (ROI D). However, in this
case the situation is more complex as the area covers at
the same time the signal from the close-lying and spin-
split electron pocket and upper hole pocket [see Fig. 4(a)],
which at low temperatures give rise to the formation of
the Weyl points. A reduction (increase) in the spin split-
ting upon excitation of the shear mode will at the same
time increase (reduce) the separation between electron
pocket and hole pocket [28]. The anti-phase behavior of
the latter process with respect to the spin splitting may
7explain why the PE signal from the Weyl point area is
pi-shifted in comparison to all other ROI.
Ref. [28] finally provides also information on how
the highest of the three bulk bands will be affected
by a shear motion along the b axis. Due to the much
smaller spin splitting of this band in comparison with
the electron and hole pockets, the calculation predicts
only very subtle changes even for a full phase transition.
In the Fourier map, this band is indeed the only band
which lacks of a clear signal along its band dispersion.
The two other bulk bands are in contrast not considered
in the calculations in Ref. [28]. However, band structure
calculations imply that these two bands show a distinct
dispersion along the Γ-Z direction (Supplementary Note
11), i.e., in c-direction [see Fig. 1]. It is therefore not
surprising that particularly these bands become affected
by a shear displacement among neighboring WTe2 layers
giving rise to rather large amplitudes in the Fourier map.
The excitation of coherent phonons provides unique
opportunities for the study and coherent control of struc-
tural, electronic, and magnetic properties of solids [35–
37]. Time- and angle-resolved photoemission spec-
troscopy is in this context the most direct instrument
to map the electronic structure response at the required
energy- and momentum sensitivity [38–40]. The phonon
mode-resolved Fourier maps introduced in the present
work allow in a very direct and intuitive manner for an
electron-band selective view onto electron-phonon inter-
action processes including even electronic states above
EF. The striking differences observed among the Fourier
maps of Td -WTe2 emphasize the band-selectivity of co-
herent phonon excitation processes. Remarkably, in the
Fourier map representation, the nonlinear signal response
to the excitation of coherent phonons can substantially
enhance the spectral resolution uncovering spectral de-
tails not visible in the ARPES spectra.
Our results reveal, furthermore, that the excitation of
a low-frequency interlayer shear mode periodically mod-
ulates the spin splitting of bands, a spectral signature
that is closely linked to the broken inversion symmetry
of the crystalline lattice. In addition, the data prove that
the excitation of the shear mode affects the electronic
structure in the energy-momentum area comprising the
Weyl points in Td -WTe2 at low temperatures. Overall,
the presented experimental results strongly support the
relevance of the shear mode excitation for the control
of the specific Weyl physics in this material as recently
predicted in Ref. [22].
METHODS
Sample synthesis. High-quality Td -WTe2 crystals
were grown using a chemical vapour transport technique.
Stoichiometric tungsten powder (99.9 %) and tellurium
powder (99.99 %) were ground together and loaded into
a quartz tube with a small amount of the transport
agent TeBr4. All weighing and mixing was carried out
in a glove box. The tube was sealed under vacuum and
placed in a two-zone furnace. The hot zone and the
cold zone were maintained for one week at a constant
temperature of 800 ◦C and 700 ◦C, respectively.
TRARPES experiments. For the TRARPES
experiments, we used two non-collinear optical para-
metric amplifiers (NOPAs) which are pumped by the
second harmonic of a chirped pulse amplifier. One of the
NOPAs delivers 1.5 eV (827 nm), 30 fs, p-polarized pump
pulses with an incident fluence of 110µJ cm−2 on the
sample. The 840 nm output of the second NOPA system
is used to generate 5.9 eV (210 nm), 95 fs, s-polarized
probe pulses by sequential frequency doubling. Cross-
correlation measurements at the sample position yielded
≈ 100 fs FWHM (Supplementary Note 2). Right before
the pump-probe experiments, the Td -WTe2 crystals
were cleaved under ultra-high vacuum conditions. The
samples were aligned by low-energy electron diffraction
in a direction crossing Γ and the projection W of the
predicted position of two neighboring Weyl points onto
the (001) surface [see Fig. 1(b)]. ARPES spectra were
recorded using a hemispherical analyzer at a total energy
resolution of 40 meV. All experiments were performed
at room temperature at a pressure of 2× 10−10 mbar.
Band structure calculations. The electronic bulk
band structure was calculated by ab-initio calculation
based on density functional theory (DFT) with Projec-
tor augmented-wave (PAW) method [41] as implemented
in the Vienna Ab-initio Simulation Package (VASP)
[42]. The exchange and correlation energies were con-
sidered on the level of the generalized gradient approx-
imation (GGA) with a Perdew-Burke-Ernzerhof (PBE)
functional [43]. The energy cutoff was set to be 350 eV for
the plane wave basis. We included the van der Waals cor-
rections via a pair-wise force field of the Grimme method
[44]. The experimental lattice constants from Ref. [21]
were used in all the calculations.
DATA AVAILABILITY
All data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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SUPPLEMENTARY NOTE 1: LONG-LIVED SPECTRAL CHANGES
Time-resolved ARPES results covering an extended pump-probe delay range up to ∆t =
400 ps are compiled in Fig. S.1. Figure S.1(a) shows a ground state ARPES intensity map
recorded 10 ps before the optical excitation in comparison to a difference intensity map at
∆t = 400 ps. The presence of red and blue areas in the difference intensity map indicates
that at this time delay the system has still not reached its initial equilibrium state. To
further illustrate the long-lived spectral changes, we analyzed the transient peak shifts of
three bands labeled (I), (II), and (III) in Fig. S.1(a). The peak positions are determined
from Gaussian fits to the transient EDCs of the respective bands. The results of the analysis
are summarized in Fig. S.1(b). All bands exhibit rapid energy shifts between 7 meV and
11 meV at time zero followed by an exponential relaxation on a few picosecond time scale.
We assign these dynamics to band renormalization processes in response to the excitation
and subsequent relaxation of hot carriers. At ∆t ≈ 5 ps, the energy of band (II) has relaxed
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Supplementary Fig. S.1. Long-lived spectral changes in the TRARPES data of Td -WTe2. (a)
ARPES intensity map recorded at ∆t = −10 ps in comparison to a difference intensity map at
∆t = 400 ps. (b) Peak energies of the three bands indicated in (a) as a function of ∆t.
back to nearly its initial value, while bands (I) and (III) still exhibit clear energy offsets
of ≈ 4 meV. At the maximum time delay of 400 ps, the two bands still show offsets of
≈ 2 meV. Other time-resolved studies reported on similar long-lived spectral changes in
Td -WTe2 [1, 2]. Their persistence was associated with heat diffusion out of the excitation
volume on a characteristic time scale of several nanoseconds [2].
SUPPLEMENTARY NOTE 2: TIME RESOLUTION AND SAMPLING
FREQUENCIES
The coherent phonon frequency range accessible in our TRARPES experiments depends
on two factors: the time resolution of the experiment and the sampling rate used for the data
acquisition. We determined the time resolution from a pump-probe cross-correlation mea-
surement of a polycrystalline gold film. The cross-correlation trace is shown in Fig. S.2(a).
It was extracted from TRARPES data for an electron binding energy of E−EF = 1.3 eV in
data fit
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Supplementary Fig. S.2. Time resolution of the TRARPES experiment. (a) Experimental
NIR-pump/NUV-probe cross-correlation trace measured via photoemission from a polycrystalline
gold film at E−EF = 1.3 eV. The solid line is a Gaussian fit to the experimental data. (b) Fourier
spectrum of the Gaussian fit in (a). The black markers indicate the coherent phonon frequencies
observed in the TRARPES data of Td -WTe2. The grey marker indicates the highest frequency
optical phonon mode of Td -WTe2.
order to keep the broadening due to finite intermediate state lifetimes small [3]. A Gaussian
fit to the trace yields a FWHM of ≈ 100 fs for the time resolution of our setup.
In our TRARPES experiments, we measure in the time domain the convolution of the sam-
ple response (i.e., the coherent phonon-induced oscillations) and the cross-correlation trace
representing the finite time resolution. In Fourier space, i.e., in the frequency domain, this
corresponds to the product of the Fourier spectrum of the sample response and the Fourier
spectrum of the cross-correlation trace. Hence, the latter can be considered as a spectral
transmission function determining the amplitude at which a phonon peak is probed in the
experiment. The Fourier spectrum of the Gaussian fit to the experimental cross-correlation
trace is shown in Fig. S.2(b). Markers indicate the frequencies of the five coherent phonon
modes observed in our measurements. Due to the frequency dependence of the transmission
function, the detected signal amplitude of the highest frequency mode at 6.35 THz becomes
weakened by a factor of about 4 in comparison to the lowest frequency mode at 0.23 THz.
However, all five modes are probed at a reasonable amplitude. Even more, also the highest
energy optical phonon mode of Td -WTe2 with a frequency of approximately 7.2 THz [4, 5]
would be covered reasonably well by the spectral transmission function. In summary, the
available time resolution of the experiment in principle allows for the real-time detection of
optical phonons within the entire phonon spectrum supported by Td -WTe2. For quantita-
tive conclusions on the excitation amplitudes of different phonon modes one should, however,
keep in mind that the sensitivity of the experiment decreases with increasing frequency.
Independently of the transmission function resulting from the finite time resolution, the
accessible frequency range of the experiment also depends on the sampling rate used for
the data acquisition and the overall delay range of the measurement. Based on the Nyquist
sampling criterion, the sampling frequency must be greater than twice the maximum fre-
quency contained in the signal to be able to identify all frequency components correctly via
Fourier transformation. Considering the highest energy phonon branch in Td -WTe2 with a
frequency of approximately 7.2 THz [4, 5], we therefore chose a minimum sampling rate of
15 THz for our measurements.
For a fixed number of data points, increasing the sampling frequency improves the accuracy
at which the time-domain signal is traced. At the same time, it worsens the frequency
resolution of the Fourier transformation that is given by the reciprocal total sampling time,
i.e., the overall delay range chosen in the experiment. To be able to track the high- as well
as the low-frequency coherent phonon-induced oscillations in the time domain, we recorded
TRARPES data sets using two different sampling rates: A sampling rate of 60 THz enabled
us to measure the beating signal caused by the superposition of coherent phonon modes with
frequencies between 2.41 THz (T = 415 fs) and 6.35 THz (T = 157 fs) [cf. Fig. 2(c) in the
main text]. For these measurements, the total delay range was restricted to 3 ps to keep the
overall data acquisition time at an acceptable level. For the low-frequency interlayer shear
mode (T = 4.35 ps), we chose a significantly longer delay range of 20 ps using a sampling
rate of 15 THz to still comply with the Nyquist sampling criterion [cf. Fig. 2(d) in the main
text]. Note that similar to conventional frequency domain spectroscopy, it is allowed and
(even more) convenient to choose delay steps for accurately probing the time-domain signal
that are significantly smaller than the time resolution - in the present study delay steps of
17 fs and 67 fs at a time resolution of 100 fs, respectively.
Figure S.3(a) compares the Fourier amplitude spectra of the 3 ps and 20 ps range intensity
transients shown in Figs. 2(c) and 2(d) of the main text. The frequency increment of the
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Supplementary Fig. S.3. Fourier amplitude spectra of the PE intensity transients shown in
Figs. 2(c) and 2(d) of the main text. (a) Comparison of the Fourier amplitude spectra of the 3 ps
range data and the 20 ps range data. (b) Close-up of the low-frequency range of the 20 ps range
data.
Fourier analysis, given by the reciprocal total sampling time, is ≈ 0.3 THz and ≈ 0.05 THz
for the 3 ps and 20 ps range data, respectively. While the four high-frequency components
are already evident in the amplitude spectrum of the 3 ps range data, their shape becomes
much clearer in the amplitude spectrum of the 20 ps range data allowing for a more precise
determination of the peak positions as expected from the discussion above for an extended
overall delay range. The 0.23 THz interlayer shear mode can only be resolved in the 20 ps
range data set. Furthermore, we observe additional peaks at frequencies below 0.23 THz
[see Fig. S.3(b)]. They do not match any of the predicted or observed phonon modes of Td -
WTe2 [2, 4–7]. In contrast to the five main frequency peaks between 0.23 THz and 6.35 THz,
the positions and relative heights of these very-low frequency peaks are quite sensitive to
the data analysis procedures, e.g., the delay range included in the analysis and the model
function used for background subtraction. We therefore conclude that the appearance of
these peaks arises from artifacts of the data analysis.
SUPPLEMENTARY NOTE 3: BACKGROUND CORRECTION OF
PHOTOEMISSION TRANSIENTS
The temporal evolution of the transient PE signal of Td -WTe2 is mainly determined
by contributions from the hot carrier dynamics and the coherent phonon oscillations. To
separate the two signal contributions, we fitted the PE intensity transients with a model
function accounting for the carrier population dynamics. Subtraction of the fitting result
from the experimental data enables us to extract the pure oscillatory part of the signal. For
the fits, we used the following function:
I(∆t) =
 I01, ∆t < t0I02 + A1 · exp (−∆t−t0τ1 ) + A2 · exp (−∆t−t0τ2 ), ∆t ≥ t0 (E.1)
Here, I01 accounts for the constant PE intensity before photoexcitation (∆t < t0) and I02
accounts for an intensity offset at the maximum investigated delay caused by long-lived
spectral changes. At the time t0, excited carrier population and depopulation dynamics set
in. They are modeled using a sum of two exponential functions describing an exponential
rise (A1 < 0) and decay (A2 > 0) of the transient PE intensity with time constants τ1 and
τ2, respectively. To account for the time resolution ∆tFWHM of the experiment, the fitting
function was convolved with a Gaussian function g(t):
g(t) = exp
(
−4 · ln 2 · t
2
∆tFWHM
2
)
. (E.2)
Analog fit functions were used to account for the hot carrier response in the peak energy
Eband(∆t) and peak width ∆E(∆t) transients.
For most cases, Eq. E.1 is appropriate to account for the dynamics associated with the
hot carrier processes. As an example, Fig. S.4(a) shows the PE intensity transient for ROI
A in Fig. 4(c) of the main text and the corresponding fit using equation E.1. However,
in regions near EF, we observed deviations from a pure exponential signal decay, including
the Weyl point region [ROI D, cf. Fig. 4(d) of the main text]. The PE intensity transient
from this region is shown in Fig. S.4(b) including the result of a fit using equation E.1.
The deviation from an exponential decay is clearly visible and results in a signal distortion
at small delays in the hot carrier-corrected data shown as blue line. The quality of the
background subtraction procedure can be improved for this type of data by restricting the
delay range to ∆t > 2 ps and by describing the hot carrier processes with a single exponential
fit function. Still, a complete removal of hot carrier contributions is not possible resulting
in a residual signal visible as a distortion in Fig. 4(d) between ∆t = 5 ps and ∆t = 10 ps.
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Supplementary Fig. S.4. Subtraction of hot carrier contribution. (a) PE intensity transient
from ROI A (red) including a fit to the data starting at ∆t = −1.5 ps according to Eq. E.1 (black
line). The blue line shows the PE intensity transient after subtraction of the fitting result. (b) Same
as (a) for ROI D. The inset shows the same PE intensity transient including a single exponential
fit starting at ∆t = 2 ps.
SUPPLEMENTARY NOTE 4: COMPILATION OF FOURIER MAPS
For the energy- and momentum-resolved Fourier analysis of the data, the ARPES in-
tensity maps were divided into small integration regions with a size of 23 meV × 0.01 A˚−1
[Figs. 3(a) and 4(c)] or 6 meV × 0.0025 A˚−1 [Fig. 5(a)]. Each of these regions features a
PE intensity transient showing a superposition of carrier population dynamics and coherent
phonon-induced oscillations. Some spectral regions show an additional signal confined to the
delay range around time zero [cf. Fig. 4(d) and 4(e) of the main text] that we assign to the
pump-probe laser cross-correlation. We therefore restricted the data range for the analysis
to a time delay range starting well after this signal contribution. Before the Fourier transfor-
mation, the PE intensity transients from each region were fitted for background subtraction
with a single-exponential function to account for the carrier relaxation dynamics. The 3 ps
range data were analyzed for a delay range starting at ∆t = 280 fs. In the case of the 20 ps
range data, we had to exclude the first 2 ps after time zero as a single-exponential fit of
the intensity transients especially around the Fermi level results otherwise in low-frequency
artifacts that interfere with the 0.23 THz oscillation [see intensity transient of ROI D shown
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Supplementary Fig. S.5. Phonon mode-selective Fourier amplitude analysis of the TRARPES
data. ARPES intensity map at ∆t = 120 fs in comparison to Fourier maps of the five phonon
frequencies identified in the Fourier amplitude spectra. (a) Fourier maps generated from ARPES
intensity maps that were binned over regions of 23 meV × 0.01 A˚−1. (b) Fourier maps generated
from ARPES intensity maps that were binned over regions of 6 meV × 0.0025 A˚−1.
in Fig. S.4(b)].
After subtraction of the single-exponential background, the resulting transients were zero-
padded to triple their lengths before their amplitude spectra were determined via fast Fourier
transformation. This results in an energy- and momentum-dependent data set of Fourier
amplitude spectra. A cut through this data set at a fixed frequency represents the energy-
and momentum-resolved Fourier amplitude at the selected frequency. It can be displayed as
a color-coded image which we refer to as Fourier map. Phonon-mode selectivity is achieved
by selecting the frequencies corresponding to the coherent phonon modes. As an extended
version of Fig. 3 in the main text, Fig. S.5 shows Fourier maps at 0.23 THz, 2.41 THz,
3.57 THz, 4.00 THz, and 6.35 THz in comparison to the excited state ARPES intensity map
at ∆t = 120 fs. The 0.23 THz Fourier map results from the analysis of the 20 ps range data.
In contrast, the four high-frequency Fourier maps are derived from the 3 ps range data.
We finally would like to add that the details of the Fourier map patterns critically depend
on the type of spectral changes in the ARPES data that are induced by the coherent phonon
excitation. In general, a pure periodic modulation in the PE intensity results in a slowly
varying Fourier amplitude in the energy and momentum range of the signal modulations.
In contrast, changes in peak energy or peak width result in distinct minima in the Fourier
amplitude right at the peak position and Fourier amplitude maxima on both sides next to the
peak. These effects are best seen when comparing the 0.23 THz and 2.41 THz Fourier maps.
As discussed in the main text, the oscillations in the 0.23 THz data predominantly arise from
PE intensity modulations resulting in a rather smooth Fourier map pattern. In contrast,
the 2.41 THz Fourier amplitude shows a distinct fine structure of amplitude mimima that
are indicative for shifts in the band energies or changes in the band widths in response to
the excitation of the 2.41 THz phonon mode.
SUPPLEMENTARY NOTE 5: RESOLUTION ENHANCEMENT
The effect of resolution enhancement in the Fourier maps is illustrated in Fig. S.6. Figure
S.6(a) shows a close-up of the ARPES intensity map in Fig. 3(a) of the main text with a
selected energy-momentum cut indicated by the grey-shaded bar. The EDC along this cut
[Fig. S.6(c)] exhibits three peaks with widths in the order of 100 meV governed by the
experimental resolution of 40 meV and considerable thermal broadening due to the sample
temperature of 300 K. Figure S.6(b) shows for comparison the corresponding 2.41 THz
Fourier map exhibiting a distinct fine structure not visible in the ARPES intensity map.
The data is overlaid with experimental band dispersions from a high-resolution ARPES
study conducted with an energy resolution of 2 meV and at a sample temperature below
20 K [8]. In the overlapping energy-momentum regime, the experimental band dispersions
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Supplementary Fig. S.6. Resolution enhancement in the Fourier maps. Close-ups of (a) the
ARPES intensity map and (b) the 2.41 THz Fourier map shown in Fig. 3(a) of the main text
with the energy-momentum cut analyzed in (c) and (d) indicated. The Fourier map was generated
from ARPES intensity maps that were binned over regions of 23 meV × 0.01 A˚−1. It is overlaid
with experimental band dispersions from Ref. [8]. Surface bands were omitted for the sake of
clarity. (c) Energy distribution curve extracted from the ARPES intensity map along the energy-
momentum cut indicated in (a). (d) Fourier amplitude as a function of binding energy along the
energy-momentum cut indicated in (b). The data were extracted from a Fourier map generated
from ARPES data that were binned over regions of 6 meV×0.0025 A˚−1. The numbers indicate the
assignment of the Fourier amplitude dips to the different bands shown in (b). ’x’ indicates a band
signature visible in the Fourier map that is outside the energy range that was probed in Ref. [8].
Spectral widths of selected dips are indicated.
exhibit a striking agreement with the dispersion of the fine structure. Even more, an intuitive
extrapolation of part of the data from Ref. [8] to higher binding energies also seems to follow
the fine structure in the 2.41 THz Fourier map. Fig. S.6(d) displays the Fourier amplitude
as a function of binding energy along the selected energy-momentum cut, in which the
fine structures appears as distinct and narrow amplitude dips. The spectral width of these
dips is typically in the order of 20 meV and, therefore, much smaller than the width of
the characteristic spectral signatures in the ARPES intensity maps and also smaller than
the spectral resolution of our experiment. Along the selected energy-momentum cut, we
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Supplementary Fig. S.7. Origin of resolution enhancement. (a) Simulated PE intensity transient
of the Gaussian peak shown in (b). The peak energy is periodically modulated with an amplitude
of 1 meV and a frequency of 2.41 THz. (c) Changes in the PE intensity as a function of ∆t (blue
lines) at three selected energies indicated by the dashed red lines. The dashed red lines also indicate
the respective zero of the changes in the PE intensity. (d) 2.41 THz Fourier amplitude as a function
of energy determined from a Fourier transformation of the PE intensity transient shown in (a).
identify in the Fourier amplitude signal five dips in comparison to three peaks in the EDC,
implying that the obvious resolution enhancement allows observing details that are hidden
in the ARPES data due to strong spectral broadening. The assignment of the dips to
different bands is indicated by numbers [compare Fig. S.6(b)]. Bands number 1, 2, and
4 were assigned based on an extrapolation of the high resolution ARPES data to higher
binding energies, while the assignment of bands number 3 and 5 results from the direct
comparison of the Fourier map with the band dispersions. The amplitude dip labeled ’x’ at
E−EF ≈ −0.35 meV could not be assigned to any of the indicated bands as the related fine
structure is completely outside the energy range probed in Ref. [8]. We assume, however,
that also this fine structure follows the dispersion of an electronic band of Td -WTe2.
The origin of the resolution enhancement in the Fourier maps is schematically illustrated
by a simulation presented in Fig. S.7. We considered a Gaussian peak with a width of
40 meV (FWHM) [Fig. S.7(b)] that is subject to a periodic peak energy shift with an
amplitude of 1 meV and a frequency of 2.41 THz [Fig. S.7(a)]. A quantitative analysis of
the oscillation amplitude shows that near the peak maximum the changes in the PE intensity
are considerably smaller than in large parts of the flanks of the Gaussian peak [Fig. S.7(c)].
This energy dependence directly translates into the 2.41 THz Fourier amplitude signal, which
is shown in Fig. S.7(d). At the energy of the peak maximum, the Fourier amplitude
exhibits a distinct dip with a width (FWHM) that is significantly smaller than the width
of the oscillating PE signal. In the present example, we observe in the Fourier signal in
comparison to the PE signal a reduction of the width by a factor of ≈ 4 to a value of
11 meV. Note, however, that the situation is in general more complex as different dynamical
processes such as peak shift, peak broadening, and an overall modulation of spectral weight
can independently superimpose each other.
SUPPLEMENTARY NOTE 6: TIME-DEPENDENT FOURIER AMPLITUDE
AND PHASE ANALYSIS
A time-dependent Fourier amplitude analysis enables us to gain information on the life-
time of the different coherent phonons and to identify possible mode frequency shifts as a
function of time. Furthermore, a time-dependent Fourier phase analysis of phonon-induced
band shifts allows for conclusions on the underlying excitation mechanisms of the coherent
phonons, i.e., the distinction between a displacive excitation (DECP) scenario [9] and an
impulsive stimulated Raman scattering (ISRS) excitation scenario [10].
Figure S.8 shows results of a time-dependent amplitude and phase analysis of the band
energy transient of the prominent feature centered at Γ and E−EF ≈ −0.3 eV in the ARPES
intensity maps. The data comprise the frequency range of the four high-frequency coherent
phonon modes, which periodically modulate the peak energy as discussed in the main text
[cf. Figs. 3(b) and 3(c)]. For a time-dependent analysis, we successively shortened the band
energy transient shown in Fig. 3(b) of the main text at its beginning and performed a Fourier
transformation of the remaining transient, respectively. Fig. S.8(a) displays the resulting
Fourier amplitude as a function of frequency and starting point τ of the analyzed transient.
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Supplementary Fig. S.8. Time-resolved Fourier amplitude and phase analysis of the high-
frequency modes. (a) Fourier amplitude as a function of frequency and starting point τ of the
band energy transient shown in Fig. 3(b) of the main text. Details on the evaluation of the data
are given in the text. (b) Fourier amplitude spectrum extracted from (a) for τ = 0 fs. (c) Fourier
phase as a function of τ for the peak positions of the four high-frequency modes. The black and
gray lines show fits of a sawtooth function to the peak maximum data and the data of neighboring
frequencies, respectively. The red shaded area at τ = 0 fs indicates the uncertainty in determining
the time zero of the experiment due to the temporal width of the pump pulse.
The results illustrate the distinct differences in the lifetimes of the different modes, which
obviously also conform with their differences in spectral width. The 3.57 THz mode and the
6.35 THz mode become damped within less than 6 ps, whereas the 2.41 THz mode and the
4.00 THz mode are still visible at 12 ps. For the 2.41 THz mode, we additionally observe
a fast decaying shoulder which may hint to the excitation of a neighboring short-living
coherent phonon. The data do not show any indications for a spectral shift of the modes as
a function of time.
Figure S.8(b) shows the Fourier amplitude spectrum for τ = 0 fs extracted from Fig. S.8(a).
We used this spectrum to determine the positions of the peak maxima (indicated in the
figure by the arrows) for which we performed a time-dependent Fourier phase analysis. The
results of the phase analysis are shown in Fig. S.8(c). We additionally performed a phase
analysis for the data points next to the positions of the peak maxima at ±0.016 THz to
estimate the error in the determined phase. All results are fitted with sawtooth functions
with the amplitudes set to a value of pi. The phases of the oscillations at time zero indicate
the underlying phonon excitation mechanism. Time zero was determined from the peak
position of the laser cross-correlation signal that is in part of the data visible during the
temporal overlap of pump and probe pulse [cf. Fig. 4(d) and 4(e) in the main text]. Our
analysis yields initial phases of (0.87 ± 0.14)pi for the excitation of the 2.41 THz mode,
(−0.07± 0.06)pi for the excitation of the 3.57 THz mode, (0.14± 0.22)pi for the excitation of
the 4.00 THz mode, and (0.85± 0.12)pi for the excitation of the 6.35 THz mode. Within the
error bars and under consideration of the pump pulse width, these results are compatible
with a cosinusoidal response of the band energies to the excitation of the coherent phonons
implying for all cases a displacive excitation [9].
For the phase analysis of the low-frequency interlayer shear mode, we analyzed the band
energy transient of ROI A′ as shown in Fig. 4(e) of the main text. In this case, the initial
phase can be directly determined from a fit of the transient. Although overlaid with a
laser cross-correlation PE signal around time zero, the oscillation can be clearly identified
as sinusoidal [cf. black line in Fig. 4(e) of the main text], implying for this coherent phonon
mode an impulsive excitation [10].
SUPPLEMENTARY NOTE 7: ESTIMATION OF THE SHEAR MODE
AMPLITUDE
An approximate estimation of the shear mode amplitude in Td -WTe2 resulting from the
excitation with 827 nm pump pulses at an incident fluence of 110µJ cm−2 becomes possible
under consideration of quantitative results on the shear displacement reported for excitation
with 23 THz pulses in Ref. [1]. To account for the different excitation wavelengths, we first
referenced our data to fluence-dependent data on the shear mode frequency reported in
a TRR study of Td -WTe2 using 800 nm pump pulses [7]. Corresponding data for THz
excitation as a function of the incident total pulse energy are also found in in Ref. [1]. Both
studies report on an overall shift of the shear mode frequency of approximately 16 % over the
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Supplementary Fig. S.9. Close-ups of the ARPES intensity map near EF at ∆t = 120 fs (left)
and the corresponding 0.23 THz Fourier map (right). The data is overlaid with experimental band
dispersions from Ref. [8]. In contrast to Fig. 4(c) of the main text, surface bands are included in
black.
probed pump fluence and energy ranges, respectively. Comparison of the data sets allow,
therefore, to reference the 800 nm fluence values to the 23 THz pulse energy values. This
comparison yields that the excitation with 800 nm, 150 µJ cm−2 pump pulses results in a
shear amplitude approximately corresponding to the excitation with 23 THz pump pulses
with a field amplitude of 0.65 MV cm−1. Based on the quantitative discussion on the shear
displacement in Ref. [1], this allows to roughly estimate the shear mode amplitude in our
experiment to a value in the range of 1 pm. In this context, it is noteworthy that in Ref. [1]
a complete annihilation of the Weyl points is predicted already for a shear displacement of
2 pm, even though the complete transition into the centrosymmetric 1T′(∗) phase requires
an overall shear displacement of ≈ 12 pm.
SUPPLEMENTARY NOTE 8: COMPARISON OF THE 0.23THz DATA WITH
BAND DISPERSIONS INCLUDING SURFACE BANDS
Figure S.9 shows close-ups of an ARPES intensity map at ∆t = 120 fs and the corre-
sponding 0.23 THz Fourier map overlaid with experimental band dispersions from Ref. [8]
with the surface bands included.
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Supplementary Fig. S.10. PE intensity transients from energy-momentum areas above EF.
(a) 0.23 THz Fourier map with ROI D and ROI D′ indicated. (b) Comparison of PE intensity
transients from ROI D and ROI D′. The black lines are fits of a sinusoidal function to the data.
For the analysis, we chose a signal integration area of 50 meV × 0.025 A˚−1.
SUPPLEMENTARY NOTE 9: COMPARISON OF ROI ABOVE EF
Figure S.10 compares PE intensity transients from the two energy-momentum areas above
EF that exhibit distinct amplitude maxima in the 0.23 THz Fourier map. In Fig. S.10(a),
the two areas (ROI D and ROI D′) are indicated in the Fourier map, with ROI D already
introduced as the Weyl point area in the main text. The corresponding PE transients
are shown in Fig. S.10(b). Whereas the signal from ROI D′ oscillates in phase with the
signal from the ROI below EF, ROI D shows a characteristic anti-phase behavior as already
discussed in the main text.
SUPPLEMENTARY NOTE 10: SIMULATION OF THE FOURIER AMPLITUDE
MODULATION OBSERVED IN ROI C
The procedure used to simulate the 0.23 THz Fourier amplitude modulation of the upper
hole pocket observed near ROI C including the values chosen for the free parameters is
schematically illustrated in Fig. S.11. The spin splitting of the bands was modeled by
two Gaussians separated by 15 meV in accordance with results of high resolution ARPES
data [8]. The peak width (FWHM) was set to 10 meV, simulations with different values
showed, however, that this parameter does not critically affect our results. For modeling
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Supplementary Fig. S.11. Schematic illustration of the procedure used to simulate the 0.23 THz
Fourier amplitude modulation of the upper hole pocket. The spin splitting of the bands was
modelled by two Gaussians (a), which were convolved by a Gaussian representing the energy
resolution of the TRARPES experiment (b), yielding the PE signal (c). The parameters chosen for
the simulations are indicated. The amplitude of the peak intensity modulation (IM) was adjusted
until the resulting PE signal yielded a relative oscillation amplitude of ±0.6 %. (d) Simulated
PE intensity transient for scenario (ii). The corresponding energy-dependent Fourier amplitude
and phase signals (e) at the modulation frequency of 0.23 THz were determined from a Fourier
transformation of the PE intensity transient (d).
the dynamical response, we assumed that peak energies and peak intensities are modulated
independently by the excitation of the shear mode. Peak energy shifts can result from
band renormalization effects due to electron-phonon interaction as the crystal structure
is periodically modulated by the excitation of a coherent phonon. Changes in the peak
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Supplementary Fig. S.12. Results of the band structure calculation of Td -WTe2 for the Γ-X,
Γ-Z, and Z-U direction. The 3D Brillouin zone of Td -WTe2 is shown to the right.
intensity (as detected in a photoemission experiment) can arise from changes in transition
matrix elements, which are for instance sensitive to the crystal symmetry [11]. Oscillation
amplitudes for rigid band shift [scenario (i)] and changes in the spin splitting [scenario (ii)
and (iii)] were set to 1 meV. This value was estimated from the ≈ 15 meV equilibrium spin
splitting of the bands [8] and under consideration of the approximate shear mode amplitude
of 1 pm at the applied excitation density (see Supplementary Note 7) with the latter value
corresponding to ≈ 10 % of the shear displacement that transforms the Td structure into the
centrosymmetric 1T′(∗) structure [1]. To account for the energy resolution of the experiment,
the band response [Fig. S.11(a)] was convolved with a Gaussian with a width of 40 meV
(FWHM) [Fig. S.11(b)] to simulate the PE signal [Fig. S.11(c)]. The oscillation amplitude
of the peak intensities (IM) was adjusted until the relative amplitude of the simulated PE
intensity oscillation yielded a value of ±0.6 % in agreement with the experimental data from
ROI C shown in Fig. 4(d) of the main text. The simulated PE intensity transient and
its corresponding energy-dependent Fourier amplitude and phase signals at the modulation
frequency of 0.23 THz are exemplary shown in Figs. S.11(d) and S.11(e) for scenario (ii).
SUPPLEMENTARY NOTE 11: BAND DISPERSION ALONG Γ-Z
In the main text, we discuss the potential relevance of the dispersion of the two low
energy bulk bands along the Γ-Z direction. For comparison, we show in Fig. S.12 results of
the band structure calculation for the Γ-X, Γ-Z, and Z-U direction. We used the same color
coding for the bands as introduced in the main text.
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